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Neuropilin-1 Extracellular Domains Mediate
Semaphorin D/III-Induced Growth Cone Collapse
mediator proteins (CRMPs) (Goshima et al., 1995), ac-
tivating rac1 (Jin and Strittmatter, 1997), and depoly-
merizing actin (Fan et al., 1993). Intracellular guanosine
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The initial step in semD action is binding to a cell
surface binding site, neuropilin-1 (Npn-1). Expression
of Npn-1 is sufficient to create a semD binding site in
Summary transfected cells (He and Tessier-Lavigne, 1997; Kolod-
kin et al., 1997). Both antibody perturbation studies (He
Somatosensory axon outgrowth is repulsed when sol- and Tessier-Lavigne, 1997; Kolodkin et al., 1997) and
uble semaphorin D (semD) binds to growth cone neu- gene knockout studies (Kitsukawa et al., 1997) have shown
ropilin-1 (Npn-1). Here, semD ligand binding studies that Npn-1 is an essential component of the semD trans-
of Npn-1 mutants demonstrate that the sema domain membrane receptor. Npn-1 possesses four protein do-
binds to the amino-terminal quarter, or complement- mains (Kawakami et al., 1996): an amino-terminal com-
binding (CUB) domain, of Npn-1. By herpes simplex plement-binding (CUB) domain, a coagulation factor
virus± (HSV-) mediated expression of Npn-1 mutants V/VIII homology domain, a MAM (meprin, A5, m) domain,
in chick retinal ganglion cells, we show that semD- and a unique transmembrane/cytoplasmic region. The
induced growth cone collapse requires two segments CUB domain shares sequence homology with Tolloid,
of the ectodomain of Npn-1, the CUB domain and the BMP-1, and complement components C1r/s, while the
juxtamembrane portion, or MAM (meprin, A5, m) do- MAM domain is related to a protease meprin and several
main. In contrast, the transmembrane segment and receptor tyrosine phsophateses, RPTPm and RPTPk.
cytoplasmic tail of Npn-1 are not required for biologic The most direct model for semD-induced signal trans-
activity. These data imply that the CUB and MAM ecto- duction is that semD binding induces a conformational
domains of Npn-1 interact with another transmem- change in Npn-1 that alters some intracellular activity of
brane growth cone protein that in turn transduces a the Npn-1 cytoplasmic domain. However, several facts
semD signal into axon repulsion. have suggested that semD may associate with another
transmembrane protein in order to transduce a signal
to the growth cone interior (Kolodkin and Ginty, 1997).Introduction
First, the intracellular domain of Npn-1 is short and con-
tains no motifs known to participate in signal transduc-The establishment of axonal trajectories during develop-
tion (Kawakami et al., 1996). Second, semaphorins withment depends on soluble, matrix-bound and cell surface
equal affinity for Npn-1 exhibit different in situ bindingguidance signals that possess either attractive or repul-
patterns to brain sections (Feiner et al., 1997). Third, insive properties (Goodman, 1996; Tessier-Lavigne and
the case of VEGF-165, Npn-1 serves as a nonsignalingGoodman, 1996). One group of such guidance factors
coreceptor for a transmembrane vascular endothelialis the semaphorins, a family of proteins with more than
growth factor (VEGF) receptor tyrosine kinase (Soker et20 vertebrate members (Puschel, 1996; Nakamura et al.,
al., 1998). Recently, we have employed herpes simplex1997). All semaphorins share a sema homology domain
virus (HSV) to express Npn-1 in chick retinal ganglionbut have various associated protein motifs and exist in
cells (Takahashi et al., 1998). The ability of Npn-1 expres-both secreted and transmembrane forms. The class III
sion to confer c-semD-induced growth cone collapsesemaphorins (semA, D/III, and E; and collapsins 1, 2, 4,
in cells lacking other high-affinity semD binding sitesand 5) are perhaps the best characterized group; all
implies that any potential coreceptor/transmembrane-exist as dimeric secreted proteins in which the sema
transducing protein cannot bind semD in the absence ofdomain is followed by an immunoglobulin domain and
Npn-1.a basic tail (Puschel, 1996; Klostermann et al., 1998;
Npn-2 was identified by virtue of its sequence homol-Koppel and Raper, 1998).
ogy with Npn-1 (Chen et al., 1997; Kolodkin et al., 1997).Collapsin-1 (chick semaphorin D/III [c-semD]) was
Npn-2 is expressed in several splice forms; Npn-2a andfirst identified by virtue of its growth cone collapse and
Npn-2b isoforms contain identical amino-terminal por-axon repulsive activity for dorsal root ganglion (DRG)
tions, but the transmembrane and cytoplasmic tail ex-axons (Luo et al., 1993). Deletion of the semD gene in
hibit only 10% amino acid sequence identity (Chen etmice results in excessive DRG axonal outgrowth and
al., 1997). While Npn-1 is a component of functionalbranching in the periphery, consistent with the protein-
semD receptor, Npn-2 is a component of functionalexerting an axonal repulsive influence in vivo (Behar et
semA and semE receptors (Takahashi et al., 1998). Inter-al., 1996; Taniguchi et al., 1997). SemD induces growth
estingly, semA and semE bind to Npn-1 receptors andcone collapse via a pathway utilizing collapsin response
antagonize semD signaling (Takahashi et al., 1998).
SemD does not bind avidly to Npn-2 (Chen et al., 1997).
Both Npn-1 and Npn-2 exist as oligomers, independent* To whom correspondence should be addressed (e-mail: stephen_
strittmatter@qm.yale.edu). of ligand concentrations (Takahashi et al., 1998).
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cells and exhibit immunoreactivity of the predicted mo-
bility by SDS-PAGE (Figure 1B). The full length mycNP-1
protein and the factor V/VIII domain deletion 1011 are
detected with either anti-myc antibody or anti-NP an-
tiserum. The CUB deletion mutant 0111 has reduced
anti-myc immunoreactivity but preserved anti-NP immu-
noreactivity, presumably because of partial loss or inac-
curate processing of the myc tag in this amino-terminal
mutant. The MAM domain deletion mutant 1101 reacts
strongly with the anti-myc antibody but only weakly with
the anti-NP antibody, indicating that the MAM domain
is the major antigenic determinant of NP.
Semaphorin binding to COS7 cells expressing these
deletion mutants was assessed using alkaline phospha-
tase (AP) fusion proteins (Figure 2A). The full length
c-semD±AP fusion protein binds strongly to both full
length Npn-1 and the 1101 mutant, indicating that the
MAM domain of Npn-1 is not required for binding.
SemD±AP exhibits no detectable binding to the 0111
mutant and moderate binding to the 1011 mutant. The
Kd for semD binding to full length Npn-1 and 1101 is
close to 1 nM, while the Kd for binding to 1011 is 3 nM
(Figures 2B and 2C). Anti-myc staining indicates that
the 0111 protein is adequately expressed despite the
absence of c-semD±AP staining. Therefore, the CUB
domain appears to be the primary binding site for semD,
with some contribution by the factor V/VIII homology
domain.
Both the sema domain and the basic carboxyl region
of semD possess independent binding affinity for Npn-1
(He and Tessier-Lavigne, 1997). We sought to determine
if these semaphorin domains would distinguish between
Figure 1. Expression of NP Mutants the first two domains of Npn-1 by deleting various do-
(A) The major features of the NP derivatives used in this study are mains from semD and assessing binding to Npn-1 mu-
illustrated. Note the four major domains of Npn-1: the CUB domain, tants. The truncated CAP-4 fusion protein contains the
the coagulation factor homology domain, the MAM domain, and the
sema and Ig regions of c-semD but lacks both the cyste-transmembrane/cytoplasmic region. See text for further description.
ine residue mediating covalent dimerization (Kloster-(B) COS7 cells were infected with HSV preparations encoding the
mann et al., 1998; Koppel and Raper, 1998) and the basicindicated NP derivatives. Immunoblot analysis with anti-myc and
anti-Npn-1 antibodies demonstrates the expression of proteins of tail. The AP domain is predicted to provide noncovalent
the predicted sizes. The estimated molecular weights of 1011, 1101, dimerization. The ªbasicº fusion protein contains only the
0111, 1112A, 1112B, 111L, mycNpn-1, and 111G are 80, 90, 80, 120, basic-rich carboxyl tail of c-semD fused with AP. CAP-4
120, 120, 120, and 115 ka, respectively. Molecular size markers are
binds as tightly to the 1011 and 1101 mutants as to wild-shown at right.
type Npn-1 but does not bind to 0111 (Figure 2A). In
contrast, basic staining is absent for both the 1011 and
In this study, we investigate structure and function rela- 0111 mutants and is normal in the 1101 mutant. Thus,
tionships for the NP molecules. SemD binding to dele- the sema domain of semD appears to interact with the
tion and chimeric NPs demonstrates that the CUB do- CUB domain of Npn-1, while the basic-rich carboxyl tail
main is a sema binding site. HSV-mediated expression of semD interacts with both the CUB and factor V/VIII
of NP mutants in retinal ganglion cells demonstrates homology regions of Npn-1, perhaps at their junction.
that the MAM domain, but not the transmembrane/cyto- Together, these data explain the absence of full length
plasmic region, is essential for signal transduction by semD binding in the 0111 mutant and the moderately
Npn-1. Since extracellular regions of Npn-1 mediate reduced labeling of the 1011 mutant.
growth cone collapse, there must be a non-NP, mem-
brane-spanning, signal-transducing component of the
semD receptor complex. The CUB Domain Determines Semaphorin
Specificity of NP
Npn-1 and Npn-2 can distinguish between semaphorins,Results
binding semA, semD, semE and semIV with differential
affinities. The sema domain of semaphorins has beenSema Domain Binding to the CUB Domain of NP
There are three major domains in the NP extracellular identified as the determinant of semaphorin binding
specificity (Koppel et al., 1997). Therefore, we predictedsegment (Figure 1A). To localize semaphorin binding sites
in Npn-1, we created deletion mutants of each of these that the CUB domain alone would determine semapho-
rin-subtype specificity of NPs. As a first step, we soughtthree domains. The mutants can be expressed in COS7
Npn-1 Ectodomain Mediates Growth Cone Collapse
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Figure 2. Semaphorin Binding to NP Deletion Mutants
(A) The indicated deletion mutants of Npn-1 were expressed in COS7 cells, and binding of the full length c-semD (10 nM c-semD±AP), the
sema domain ligand (10 nM CAP-4), or the basic-rich carboxyl tail ligand (10 nM basic) was visualized by staining for bound AP. All ligands
stain cells expressing full length Npn-1. Note that there is no binding to the 0111 protein despite expression of myc-tagged protein on the
cell surface, as illustrated by anti-myc immunofluorescent staining (data not shown). The 1011 protein shows reduced staining for c-semD±AP,
control level staining for CAP-4, and no staining with the basic domain. The 1101 protein is indistinguishable from 1111 in binding assays.
Scale bar, 70 mm.
(B and C) Saturation analysis (B) of full length mouse AP±semD binding to the indicated NP derivatives was quantitated, and Scatchard
analysis (C) is presented. The means 6 SEM are presented. This is one of three experiments with similar results.
(D) Sem-AP binding to NP mutants. The results from experiments as in (A) are summarized as strong (11), moderate (1), or undetectable (0)
for the indicated ligands and NP derivatives.
to demonstrate that the CUB domain is sufficient for mutants. The 1011 mutant coprecipitates Npn-1 as effi-
ciently as does full length protein (Figure 3), indicatingsema binding by examining a deletion mutant lacking
all extracellular sequences except the CUB domain. This that the factor V/VIII domain is not essential for oligomer-
ization. In contrast, the MAM domain deletion mutantsderivative (1001) binds the sema domain fusion protein
CAP-4 as effectively as does intact Npn-1 (Figure 2D). 1101 and 1001 do not coprecipitate Npn-1 even though
they associate with the anti-myc antibody resin. Thus,If the CUB domain determines semaphorin specificity,
then the specificity of Npn-1/Npn-2 chimeras should be the MAM domain plays a major role in oligomerization,
although a minor degree of oligomerization occurs in itsdetermined by the identity of the CUB domain. Indeed,
a chimeric protein consisting of the CUB domain of absence. The reduced myc immunoreactivity of the 0111
protein prevented assessment of the CUB domain inNpn-2 fused to the remaining domains of Npn-1, 2111,
binds semaphorin with a specificity similar to Npn-2. oligomerization.
Thus, AP±semD does not bind to 2111, but AP±semE
does so (Figure 2D). It is clear that the CUB is the sema CUB and MAM Domains Are Required
for Biologic Activitybinding site and specificity-determining region of NP.
While nonneuronal expression studies can define the
semaphorin binding sites and oligomerization regionsMAM Domain Contributes to NP Oligomerization
Previously, we demonstrated that Npn-1 and Npn-2 form of Npn-1, they cannot assess the regions of NP required
for signal transduction. We have devised a functionalhomooligomers and heterooligomers (Takahashi et al.,
1998). To consider which regions of NP might contribute assay using chick embryonic day 8 (E8) retinal ganglion
cells, which normally do not bind or respond to semD.to oligomer formation, we determined whether anti-myc
antibodies could immunoprecipitate coexpressed full Expression of Npn-1 in these cells by HSV-mediated
gene transfer confers semD-dependent axon repulsionlength HA-Npn-1 together with the myc-tagged deletion
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addition, each chimera is expressed and appropriately
localized in retinal ganglion cell growth cones after re-
combinant HSV infection (Figure 4 and data not shown).
Growth cone collapse assays demonstrate that all of the
transmembrane/cytoplasmic domain chimeric proteins
can mediate c-semD-induced growth cone collapse
(Figure 4). There is no apparent contribution of the trans-
membrane/cytoplasmic domain of Npn-1 to signal
transduction. Instead, the CUB and MAM ectodomains
appear to be both necessary and sufficient for Npn-1
signal transduction.
Discussion
Figure 3. The MAM Domain Contributes to NP Oligomerization
Myc-tagged deletion derivatives of Npn-1 were immunoprecipitated Semaphorin Binding Domains in NP
by anti-myc antibody from HEK 293T membrane extracts of cells Expression cloning and targeted gene deletion studies
coexpressing full length HA-tagged Npn-1. The precipitation of the have verified that Npn-1 is a high-affinity binding sitedeletion derivatives and the coprecipitation of full length Npn-1 were
for semD and is required for the biologic activity of semDanalyzed by immunoblot with anti-epitope tag antibodies. This is
(He and Tessier-Lavigne, 1997; Kitsukawa et al., 1997;one of three experiments with similar results.
Kolodkin et al., 1997). Here, we demonstrate that semD
interacts primarily with the CUB domain of Npn-1 and
that the CUB domain fully accounts for sema domain(Takahashi et al., 1998). To assess biologic activity, the
binding and semaphorin-subtype specificity (Figure 5).Npn-1 deletion constructs were examined in this assay
Deletion of this domain abolishes semaphorin binding,system. The expression of mutant NPs was verified by
demonstrating CUB domain necessity. Deletion of theanti-myc-epitope immunohistologic staining of infected
remainder of the ectodomain of Npn-1 does not abol-neurons (Figure 4A). As expected, the 0111 mutant,
ish semD binding, verifying the sufficiency of the CUBwhich cannot bind the sema domain, is incapable of
domain. Furthermore, swapping the CUB domains ofsupporting semD-induced growth cone collapse (Figure
Npn-1 and Npn-2 creates a chimeric protein whose sem-4B). The 1011 mutant, lacking basic-rich carboxyl tail
aphorin specificity is determined by the origin of thebinding, has slightly reduced growth cone collapse ac-
CUB domain.tivity. This might be explained by reduced c-semD po-
While the sema domain is conserved across the sema-tency; the growth cone collapse assays utilized a con-
phorin family, semD and other class III semaphorins alsocentration of c-semD 10-fold above the EC50 for chick contain a unique basic-rich carboxyl region that bindsE7 DRG collapse. The MAM domain deletion 1101 binds
to Npn-1 independently (He and Tessier-Lavigne, 1997).semaphorin in a fashion indistinguishable from full
Here, we show that this interaction requires both the
length Npn-1 and is strongly expressed after recombi-
CUB and coagulation factor homology regions. This
nant HSV infection of retinal explants but does not medi-
suggests that the basic-rich binding site is near the
ate significant growth cone collapse by c-semD. This junction of the first and second domains of Npn-1. Dele-
indicates that the MAM domain plays an essential role tion of the coagulation factor homology domain in Npn-1
in signal transduction, either by promoting oligomeriza- reduces the potency of full length semD to a degree
tion or by other mechanisms. consistent with the loss of the basic-rich tail binding
but not the primary sema±CUB binding event. Our data
NP Transmembrane/Cytoplasmic Domains Are provide no evidence that the MAM, transmembrane, or
Not Required for Growth Cone Collapse cytoplasmic regions contribute to semD binding to Npn-1.
The simplest model for NP receptor function entails the With regard to their primary structure, semD and
interaction of the cytoplasmic region with downstream Npn-1 interact in a parallel rather than anti-parallel fash-
signaling effectors. However, there are indications that ion. The amino-terminal portion of semD (sema domain)
the ectodomain of NP might couple with other transmem- interacts with the amino-terminal portion of Npn-1 (CUB
brane signaling proteins, which in turn mediate signal domain), while the carboxyl-terminal portion of semD
transduction (see Introduction). To address this issue, (basic-rich region) interacts with a region carboxyl to
we examined chimeric proteins containing the extra- the CUB domain of Npn-1. To the extent that these
cellular domain of Npn-1 fused to the transmembrane primary structure relationships are reflective of tertiary
and cytoplasmic sequences of Npn-2a (1112A), Npn-2b structure, the parallel arrangement raises the possibility
(1112B), and the neuronal cell adhesion molecule L1 that transmembrane semaphorins, if they interact with
(111L). While this segment of Npn-2a shares z50% NPs, serve as subunits of a receptor complex, rather
amino acid identity with Npn-1, that of Npn-2b is only than ligands.
10% identical and that of L1 is entirely unrelated. We
also created a version of Npn-1 (111G) in which the Signal Transduction by NP
ectodomain is anchored to the cell surface via a glyco- Viral mediated expression of NP in chick retinal ganglion
phosphatidylinositol (GPI) linkage, with no transmem- cells provides a functional assay for NP function (Taka-
brane region. Since all four chimeric proteins contain hashi et al., 1998). It is not surprising that mutants lack-
the same Npn-1 extracellular segment, it is not surpris- ing the sema binding site in the CUB domain are incapa-
ble of mediating growth cone collapse by semD. Sinceing that all three bind CAP-4 equally well (Figure 2D). In
Npn-1 Ectodomain Mediates Growth Cone Collapse
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Figure 4. SemD-Induced Growth Cone Collapse by NP Mutants
(A) The indicated NP derivatives were expressed in chick E8 retinal ganglion cells by infection with recombinant HSV preparations. The
expression of NP protein from the virus is demonstrated by anti-myc immunohistology. Cultures were fixed and stained with (1) or without
(2) a 20 min incubation with 1 nM c-semD. Note that axonal growth cones expressing either full length Npn-1 or 111L are sensitive to c-semD,
whereas those expressing 1101 are insensitive. Scale bar, 20 mm for the middle two columns and 120 mm for the outer two columns.
(B) The indicated derivatives of NP were expressed in chick E8 retinal ganglion cells, and growth cone morphology was analyzed with (solid
bars) or without (shaded bars) exposure to 1 nM c-semD as shown in (A). The means 6 SEM from five experiments are presented. The values
with significantly increased growth cone collapse in the presence of c-semD are indicated with an asterisk (p # 0.01, Student's two-tailed t
test).
the coagulation factor domain of NP provides a binding which transmits the signal intracellularly. This second
transmembrane signal transducer might interact withsite for the basic tail of semD that contributes to high-
affinity binding, a reduced growth cone collapse po- the MAM domain, explaining its requirement for Npn-1
activity. Alternatively, this protein might interact withtency without change in efficacy is predicted. Our results
are consistent with this prediction. both the MAM and CUB domains or with the CUB domain
only, while the MAM domain is required for proper pre-Analysis of the role of the MAM domain and the trans-
membrane/cytoplasmic tail provides unexpected re- sentation of the CUB domain. Apparently, chick E7±E8
retinal ganglion cells naturally lack NP but express thissults. The MAM domain is required for biologic activity,
but the transmembrane/cytoplasmic region is not. The transducing protein. Since these cells do not display
high-affinity class III semaphorin binding sites, the trans-irrelevance of the transmembrane/cytoplasmic region in
this assay provides the first strong and direct evidence ducing protein cannot interact with semD in the absence
of Npn-1. The reconstitution in retinal ganglion cells offor the hypothesis that the semD signal is transduced
from Npn-1 to a second membrane-spanning protein, semD high-affinity binding and growth cone collapse by
Neuron
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obvious predictions as to the nature of the signal-trans-
ducing transmembrane component.
NP Oligomerization
It is known that class III semaphorins form disulfide-
linked dimers and that this contributes to their activity
(Klostermann et al., 1998; Koppel and Raper, 1998). We
have shown previously that Npn-1 and Npn-2 form non-
covalent oligomers (Takahashi et al., 1998). The impor-
tance of this oligomerization for semD-induced signaling
is unknown. Our previous data indicate that semD ligand
does not create or dissociate NP oligomers, although
semD might still regulate their valency. Here, we demon-
strate that the MAM domain contributes to oligomer
formation. The MAM domain appears to be the major
mediator of NP±NP interaction. It is possible that this
domain's essential role in semD/Npn-1-induced signal
transduction is secondary to its role in oligomerization.
However, the fact that some oligomers are detected
even after MAM domain deletion, while signal transduc-
tion is abolished, argues against oligomerization being
the only role of the MAM domain. Instead, it is likely that
the MAM domain also contributes to interaction with the
unidentified transmembrane-transducing protein.
Figure 5. Model of Npn-Mediated Growth Cone Signaling
This schematic illustrates the proposed role each NP domain plays Role of the Cytoplasmic Domain
in semD/Npn-1 signal transduction. See text for further discussion. In our experiments, the transmembrane/cytoplasmic re-
gion does not appear to play a necessary role in semD
binding or in semD/Npn-1 signal transduction. It cer-
Npn-1 indicates that Npn-1 is an essential intermediary
tainly is required to anchor the protein to the plasma
between semD and this transducing protein. Our data
membrane and may contribute the subcellular distribu-
do not distinguish between a model wherein an acti-
tion of the protein. Even though the ectodomain alone
vated form of NP alone transduces a signal to this pro-
appears to mediate signal transduction, addition of ex-
tein and an alternative model in which a semD/Npn-1
cess soluble semD and soluble NP ectodomain proteins
complex contacts the transducer. The issue of whether
to chick retinal ganglion cells does not induce growth
the transducing protein forms a tight complex with
cone collapse (F. N. and S. M. S., unpublished data).
Npn-1 before or after semD addition will be crucial to
This implies that NP must be attached to, and properly
its identification.
oriented at, the plasma membrane.
A number of receptor systems are now recognized
The transmembrane/cytoplasmic region may also con-
to function via a similar overall mechanism whereby a
tribute to the regional distribution of Npn-1 in the plasma
ligand-binding, nonsignaling receptor component re-
membrane. The chimeric NP proteins tested here are
quires interaction with a second, signal-transducing
all found to some extent in growth cones after overex-
transmembrane component. In this sense, the role of
pression. However, lower endogenous levels of Npn-1
Npn-1 in semD signaling is analogous to the role of
might require interaction with cytoplasmic proteins to
GDNFR-a in glial cell line-derived neurotrophic factor
achieve functional concentrations in axonal growth cones.
action (Jing et al., 1996), CNTFR-a in ciliary neurotrophic
While the role of the transmembrane/cytoplasmic domain
factor function (Ip and Yancopoulos, 1996), and patched
in the cellular localization of Npn-1 requires further in-
in Sonic hedgehog±mediated events (Chen and Struhl,
vestigation, it is clear that the CUB domain binds semD
1996; Marigo et al., 1996; Stone et al., 1996). The role
and that the CUB plus MAM domains are responsible
of Npn-1 in semD action bears some obvious similarities
for semD/Npn-1 signal transduction through another
to the role of Npn-1 in VEGF-165 signaling. However, in
membrane-spanning protein.
the case of VEGF-165, Npn-1 is not essential for signal-
ing, since the receptor tyrosine kinase KDR/Flk-1 can
Experimental Proceduresbind VEGF-165 in the absence of Npn-1 (Soker et al.,
1998). Npn-1 Deletion Mutants and Chimeras
The existence and eventual identification of the trans- Mouse Npn-1 was amplified by polymerase chain reaction (PCR)
from a mouse E15 embryo cDNA library with primers based on theducing protein is likely to provide insights into the nature
known sequence (D50086). The amplified fragment was cloned intoof intracellular signaling initiated by semD. Previous ex-
the EcoRV site of pcDNA-1. Either the myc-epitope (EQKLISEEDL)periments have implicated the CRMP family (Goshima
or the HA-epitope (YPYDVPDYASL) was inserted just after secretionet al., 1995; Wang and Strittmatter, 1996) as well as the
signal sequence of Npn-1 (between 24S and 25D). The myc-epitope-
monomeric rho-related GTP-binding protein rac1 (Jin tagged mouse Npn-1 in pcDNA-1 (mycNpn-1-pcDNA-1) was used as
and Strittmatter, 1997) in semD signaling. However, the a template for deletion and chimeric mutants. The following primers
were used to construct a series of deletion mutants: mycR (CAGATCinvolvement of CRMP and rac1 does not provide any
Npn-1 Ectodomain Mediates Growth Cone Collapse
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CTCTTCTGAGATGAGTTTTTG) and NP1±276F (GCAGATGTCGACA the medium for 20±30 min before fixation with ice-cold 20% sucrose,
3.7% formaldehyde for 1 hr at 48. The fixed explants were coatedTGGAGGCTCTGGGCATGGAATCT, SalI) for 0111, NP1±275R (ATCT
GCGTCGACACACTTAAAATCTTCAGAGATGCTGCTC, SalI) and with 3-aminopropyltriethoxysilane (3% v/v in acetone) for 10±15 sec
to preserve growth cone fine structure. The cells were washed onceNP1±591F (GCAGATGCTAGCGGACCAACCACACCCAATGGGAAC,
NheI) for 1011, NP1±590R (ATCTGCGCTAGCTGTAGGTGCTTCCAC with Hank's balanced salt buffer (HBH) (with 0.5 mg/ml BSA and 20
mM HEPES NaOH [pH 7.0]) and blocked with HBH plus 10% FCSTTCACA, NheI) and NP1±798F (ATCAGTATTAACAACCATATTTCTC
AGGAAGAC) for 1101, and NP1±275R and NP1±798F for 1001. The for 1 hr at 208. The cells were sequentially incubated with anti-myc
mAb (9E10, 4 mg/ml), biotinylated anti-mouse IgG Ab (1 mg/ml), andunderlines and enzymes represent the introduced restriction sites.
Since all of the reverse primers (indicated as R) are phosphorylated then AP-conjugated avidin±biotin complex (Vector Laboratories,
Burlingame, CA) at 48 for 6±12 hr each. The bound AP was visualizedat the 59 end, self-ligation of the amplified fragments generates
circular expression vectors for the deletion mutants in pcDNA-1. with 5-bromo-4-chloro-3-indolylophosphate toluidinium-nitroblue
tetrazolium (BCIP-NBT) staining. The individual growth cones wereThe Npn-1/Npn-2 chimera 2111 was generated as follows. The
CUB domain of rat Npn-2 was amplified with RNP2±35F (CAGCAAG classified as either spread or collapsed based on morphology (Raper
and Kapfhammer, 1990).ATCCGCCCTGCGGAGGT) and RNP2±277R (ATCTGCGTCGACACA
CTGAAAGTTCTCAGGTGGTTCTTGGTG, SalI). The NP2-CUB frag-
ment and NP1±0111 expression vector were digested with SalI and Coimmunoprecipitation of Npn-1 with Npn-1 Mutants
ligated to one another. HEK 293T cells (1 3 106) were transfected with an expression vector
For generation of the 1112A, 1112B, and 111L chimeras, PCR for mycNpn-1, 1011, 1101, or 1001 (0.5 mg) together with a vector
fragments containing the transmembrane and cytoplasmic tail were for HA-Npn-1 (0.75 mg) by the lipofectamine method. After 2 days
amplified. For NP2A-5, MNP2±789F (ATCCGGATAAGCACTGATGT of incubation, protein from cell extracts was immunoprecipitated
CCCACTG) and MNP2A-endR (ATCTGCTCTAGATTATGCCTCCGA with anti-myc-antibody- (9E10) conjugated agarose beads as de-
GCAGCACTTCTG, XbaI); for mouse NP2B-5, MNP2±789F and MN scribed (Takahashi et al., 1998). Bound protein was analyzed by
P2B-endR (ACCTGCTCTAGATTAGCAGTGCGAGCCCCGCTCTT, immunoblot with either anti-HA antibody (Y11) or anti-myc (9E10)
XbaI); and for human-L1 (AA 1088±1254), L1±5F (ATCCACTTGTTTA antibody.
AGGAGAGGATGTTCCGGCACC) and L1±3R (CGGTCTAGACTATT
CTAGGGCCACGGCAGGGTTGAT, XbaI) were used. The fragments Acknowledgments
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